Inter-basin Water Transfers (IBWT) are recognized as one of the major pathways of freshwater invasion. They provide a direct link between previously isolated catchments and may modify the habitat conditions of the receiving waters such that they become more favourable for the establishment of invasive species. Combined, IBWT and invasive species will intensify the stress upon native species and ecosystems. Using the Severn and Thames Rivers etwo of the largest river systems in Great Britaindas a case study, here we assess the potential influence of IBWT on the expansion of invasive species and thus their impact on biodiversity conservation. The Thames Valley is subject to extensive water abstraction, and an increasing population means that supplemented flow from the River Severn is being considered. Multiscale Suitability Models, based on climate and water chemistry respectively, provided novel evidence that there is serious risk for further spread of invasive species in the focus area, particularly of the quagga mussel, a recent invader of the Thames River. Native freshwater mussels are particularly vulnerable to changing environmental conditions, and may suffer the decrease in alkalinity and increase in sedimentation associated with an IBWT from the lower Severn to the upper Thames. Regional models suggest considerable overlap between the areas suitable for three vulnerable native freshwater mussels and the expansion of invasive species that negatively impact upon the native mussels. This study illustrates the use of novel spatially-explicit techniques to help managers make informed decisions about the risks associated with introducing aquatic invasive species under different engineering scenarios. Such information may be especially important under new legislation (e.g. EU Invasive Species Regulation No 1143/2014) which increases the responsibility of water managers to contain and not transfer invasive species into new locations.
Introduction
Climate change is currently prompting water-engineering responses in anticipation of greater frequency of floods and droughts that will not only threaten water security but also freshwater biodiversity (V€ or€ osmarty et al., 2010) . Inter-Basin Water Transfers (IBWT) modify the water flow, chemistry and temperature of receiving waters, affecting the composition, abundance, richness and distribution of aquatic communities (Bunn and Arthington, 2002) . In fact, IBWTs are recognized as one of the major pathways of freshwater invasion in Europe (Ja _ zd _ zewski, 1980; Leuven et al., 2009) . First, IBWTs provide a direct link between previously isolated catchments (Gupta and van der Zaag, 2008) . For example, the once isolated rivers draining the Caspian and Black Seas became inter-connected through canal construction in the 20th century, facilitating the spread of Ponto-Caspian invasive species into western Europe (e.g. Rhine-Danube-Main waterways, Leuven et al., 2009 ). Interconnectivity of waterways has consequently removed major biogeographic barriers, leading to a situation where distant rivers share a high proportion of their (invasive) flora and fauna (Galil et al., 2007) . Further, IBWTs modify the habitat conditions of the receiving waters, changes that often favour the establishment of invasive species (Dudgeon et al., 2006) . For instance, increased alkalinity and temperature are known to provide a competitive advantage to invasive species over their native counterparts (Gallardo and Aldridge, 2013c; Grabowski et al., 2009; Paillex et al., 2017) . The compounded deleterious effects of water transfers and invasive species will intensify the stress upon native species, with the potential to ultimately provoke local extinctions (O'keeffe and De Moor, 1988) . For instance, the Tajo-Segura IBWT (SW Spain) operating since 1978, promoted the invasion of at least 13 invasive fish and one mollusc (Oliva-Paterna et al., 2014; Zamora-Marín et al., 2018) , which resulted in 40% of native species threatened with local extinction (Oliva-Paterna et al., 2014) .
To illustrate the potential influence of IBWTs on the expansion of invasive species and thus their impact on biodiversity conservation, here we use the catchments of the River Severn and River Thames as a case study (Fig. 1) . Representing the two largest rivers in Great Britain, they collectively supply drinking water to 35 million people (>50% GB population). Climate simulations in Great Britain predict substantial reductions in summer precipitation accompanied by increased evapotranspiration throughout the year, leading to reduced flows in the Thames River in late summer and autumn (Diaz-Nieto and Wilby, 2005) . Water transfers from the nearby Severn River have long been suggested as an adaptation strategy to ensure the water supply of the Thames region (Jamieson and Fedra, 1996; Rodda, 2006) . The Severn-Thames IBWT could arguably modify the river flow, hydrodynamics and water quality conditions of both rivers, the conservation of freshwater and terrestrial protected sites near the abstraction and discharge points as well as along the transfer route, and the movement of migratory fish (Bunn and Arthington, 2002) . Furthermore, the River Thames is one of the greatest hotspots of aquatic invasive species in the world (Jackson and Grey, 2013; Zieritz et al., 2014) , including myriad Ponto Caspian invaders with a high potential to spread widely across Great Britain . Consequently, there is a serious risk of an eventual IBWT promoting further expansion of invasive species in the region, which may severely affect the status of vulnerable native biota and the broader ecosystem services of the two rivers. Of particular concern is the depressed river mussel (Pseudanodonta complanata Rossm€ assler, 1835) that has disappeared from over 30% of its historical sites in Great Britain (Killeen et al., 2004) , the duck mussel (Anodonta anatina Linnaeus, 1758), and the painter's mussel (Unio pictorum Linnaeus, 1758) . The conservation of all three molluscs is a concern throughout Europe (Lopes- Lima et al., 2017) . They are especially vulnerable to fouling from invasive zebra mussels (Dreissena polymorpha Pallas 1771) and quagga mussels (Dreissena rostriformis bugensis Andrusov, 1897), and competition for habitat and resources with Asian clams (Corbicula fluminea O. F. Müller, 1774), all of which are present within the region Sousa et al., 2011) .
This study investigates: i) the climate suitability for three highrisk aquatic invasive species, ii) the most likely pathways of spread between catchments, iii) the environmental suitability (in terms of river geomorphological and physicochemical characteristics) of the focus area to invasive species, and iv) their combined effects upon the conservation of three native species. Ultimately, this study evaluates the collective influence of water transfers on the potential for establishment and spread of invasive species, and their consequences for the conservation of vulnerable freshwater taxa. This information is critical to inform river management in a global change context, particularly under new legislation (e.g. EU Invasive Fig. 1 . Study area located in the Severn and Thames river catchments in the south of Great Britain. The presence of three invasive and three native species is shown. Points of interest, located at regular 30-km intervals in each river, represent potential withdrawal and discharge river sections for an inter-basin water transfer.
Species Regulation No 1143/2014) that increases the responsibility of water managers to contain and avoid transferring invasive species into new locations.
Materials and methods
The objectives of this study were achieved using multi-scale Species Distribution Models (SDM). These models are increasingly used to anticipate biosecurity threats associated with climate change and the expansion of invasive species (Jeschke and Strayer, 2008) . In brief, SDMs correlate the occurrence of a given species with the environmental conditions, usually climatic, of the sites it inhabits in order to locate areas that are most susceptible to invasion (Guisan and Thuiller, 2005) . While direct indicators of water conditions (water temperature and river flow) are preferable over indirect climate surrogates (air temperature and precipitation), multiple studies have demonstrated the prominent role of climate over geological (Quinn et al., 2014 ), hydrological (McGarvey et al., 2017 or socio-economic aspects (Gallardo and Aldridge, 2013a) on the distribution of aquatic organisms at the global scale. Climate surrogates are especially useful when modelling invasive species because they allow using information from the entire global range (native and invasive) of distribution of species. This is important, because invasive species are rarely in equilibrium with the environment in the invaded range, and using regional information only may seriously underestimate their probability of further expansion. Many examples exist of studies using climate to model the potential distribution of aquatic organisms such as fish (e.g. Chen et al., 2007) , aquatic snails (e.g. Loo et al., 2007) , shrimps (e.g. Gallardo et al., 2012) , crayfish (e.g. Capinha et al., 2012) and mussels (e.g. Drake and Bossenbroek, 2004) , among others. In addition, climatic factors offer the advantage of future projections that allow exploring the potential trajectories of invasive species, scenarios provided by the Intergovernmental Panel on Climate Change (IPCC) that are not yet available for other environmental or human indicators.
Nevertheless, we are aware that beyond temperature, local factors such as water chemistry and habitat structure are critical to narrow down the water bodies most likely to be invaded (Gallardo and Aldridge, 2013c) . For this reason, recent studies advocate for the integration of large-scale climate and regional-scale habitat conditions in a two-step modelling approach that makes use of all the available information to investigate the potential distribution of invasive species (Fournier et al., 2017; Gallardo and Aldridge, 2013c; Gallien et al., 2012) . Following this multi-scale approach, first, we use continental SDMs to locate broad areas suitable for the establishment of invasive species in the study area. We then evaluate the preferential corridors between both catchments that could eventually facilitate the expansion of invasive species. Finally, we use regional models to consider local-scale habitat conditions that ultimately determine the species survival, growth, spread and impact. By overlapping suitability maps for invasive and native species, we further identify water bodies where conflicts between native and invasive species are most likely to arise. Outputs from continental and regional SDMs are complementary and together will help evaluate biosecurity issues emerging from the IBWT.
Continental species distribution models
Information on the current global (native and invaded) spatial distribution of the three invasive (C. fluminea, D. polymorpha and D. r. bugensis) and three native (P. complanata, A. anatina and U. pictorum) species was obtained from the following international and regional data gateways: Global Biodiversity Information Facility (GBIF, http://data.gbif.org), the National Biodiversity Network (NBN, Gateway http://data.nbn.org.uk), Discover Life (http://www. discoverlife.org), and complemented with an extensive ISI Web of Knowledge literature review (see list of references in Aldridge, 2013c, Gallardo and . The zebra mussel, D. polymorpha, is widely spread across both catchments, whereas D. r. bugensis and C. fluminea are limited to the lower Thames River (Fig. 1 ). Native species are currently concentrated in the middle and upper sections of the Thames River and some of its tributaries, and in the middle reaches of the Severn River (Fig. 1) . Global maps for invasive species can be consulted in Supplementary Materials (Fig. S1 ).
To investigate the climatic suitability of the focus area to invasive and native species, five global bioclimatic variables plus geographic elevation (m) were obtained from WorldClim (http:// www.worldclim.org): maximum temperature of the warmest month ( C), minimum temperature of the coldest month ( C), precipitation of the wettest month (mm), precipitation of the driest month (mm), and precipitation seasonality (coefficient of variation) (mm). Variables were chosen to show correlation r<j0.7j, a wellaccepted limit for SDM . These bioclimatic variables represent annual trends, seasonality and extremes that are appropriate to explain species survival (Hijmans and Graham, 2006) and were thus selected based on their relevance to explain the large scale distribution of species (see Quinn et al., 2014) . For example, air temperature is directly related to water temperature (Stefan and Preud'homme 1993) , which affects the reproduction, growth, dispersal, metabolism and oxygen consumption of aquatic organisms (Griebeler and Seitz, 2007; Jacobsen et al., 1997) . Rainfall patterns affect the discharge and depth of rivers and lakes and, therefore, the likelihood of droughts and floods that can have marked effects on freshwater organisms (Nickus et al., 2010) , although we expect precipitation-related variables to be less important than temperature in the models. We included altitude in our models because high currents and low organic matter can limit the distribution of aquatic molluscs at high altitude, regardless of temperature (Quinn et al., 2014) . For instance, zebra mussels in Europe are rarely found above 500 m (Strayer, 1991) . We chose a 30 arc-second resolution (approximately 1 Â 1 km at the equator) for variables used as predictors in SDM, a high resolution that allows the precise characterization of the aquatic species' climate niche . To calibrate SDMs, we used the MaxEnt algorithm, which typically outperforms other methods based on predictive accuracy (Merow et al., 2013) . For input, MaxEnt models use the dataset of species occurrences and the set of climatic predictors that might affect the likelihood of species establishment. The following modelling parameters were implemented in software MaxEnt v3.3k: convergence threshold ¼ 100, maximum iterations ¼ 500, prevalence ¼ 0.5, 10,000 random pseudo-absences.
To compensate for any potential sampling bias in the species current distribution, we used the Global Accessibility Map produced by the European Commission (http://bioval.jrc.ec.europa.eu/ ) (Nelson, 2008) , which measures the travel time needed to access from any pixel to the closest major city (i.e. >50,000 inhabitants). This bias indicator outperformed other methods to correct the initial sampling bias of distribution models (Fourcade et al., 2014) , and has been used to compensate sampling bias for the modelling of freshwater invasive species in Europe .
A 10-fold cross-validation was used to evaluate the predictive power of the model. This technique splits the occurrence dataset into ten equal-size groups called "folds", and models are created leaving out each fold in turn. The omitted fold is then used for evaluation. Average values from the ten replicates were used for reporting and mapping potential distributions. To assess model performance, the Area Under the Receiving Operating Characteristic (ROC) Curve (AUC) (Hanley and McNeil, 1982) was used, which represents the probability that a random occurrence locality is classified as more suitable than a random pseudo-absence. A model that performs no better than random has an AUC of 0.5, whereas a model with perfect discrimination scores 1.
After calibration, models were projected into the focus area to obtain suitability maps. Suitability is a measure of the match with the climatic conditions of locations currently invaded by a species and ranges from 0 (completely dissimilar) to 1 (perfect match). The threshold maximizing the sensitivity (i.e. number of presences correctly predicted) and specificity (i.e. number of pseudo-absences correctly predicted) of the model was used to transform suitability maps into binary presence/absence maps. Binary maps allow investigating the full potential of spread of invasive species. By overlapping maps of native and invasive species, we identified regions where conflicts may arise.
Landscape connectivity analysis
Once suitability maps were obtained for each invasive species, we assessed the most likely natural pathways of dispersal between the two catchments using Landscape Analysis of Connectivity (LAC), a technique commonly used for examining population connectivity across landscapes (Urban et al., 2009) . LAC assumes that high habitat suitability implies low cost to the dispersal for a species across a particular region, whereas regions with low suitability have high dispersal costs. Thus, LAC incorporates detailed habitat information as well as species-specific aspects on a measure of connectivity (Adriaensen et al., 2003) . This type of modelling tool is receiving growing attention in applied land and species management projects as a powerful approach for predicting population connectivity.
As input, LAC takes a friction layer and a set of "points of interest", that is, the potential source and sink locations of propagules. In the absence of specific points of withdrawal and discharge, we manually located 16 points of interest regularly at 30-km distance along the River Severn (N ¼ 8) and the River Thames (N ¼ 8) (Fig. 1) . The inverse of each climate suitability map was used as a friction layer, assuming that the lower the climatic suitability for a particular invader, the higher the habitat resistance or "cost" to its dispersal.
The result of LAC is a map that indicates the routes that would ultimately facilitate the dispersal of invasive species between the eight points of interest located in each catchment and that should thus be avoided by an eventual IBWT. However, we must note that LAC is pertinent for assessing the risk of open-air canals, but irrelevant in cases where water is pumped through underground pipelines. While in this case the risk of invasive species transportation is mostly unknown, we will discuss the risks that our three focus invasive species may pose to the correct functioning of underground pipes. Friction layers and LAC were calculated using the SDMToolbox implemented in ArcView v.10.2.
Regional species distribution models
The same set of invasive and native species was considered for modelling at the regional scale. The only exception was the quagga mussel, D. r. bugensis, since the information available for Great Britain (with only two presence points in the Wraysbury River, a tributary of the middle Thames) was insufficient to calibrate regional models.
Data on the current presence of both invasive and native species in Great Britain's river networks used for continental models was complemented with information from the National Biodiversity Network (NBN) database (https://nbnatlas.org/), the UK Environment Agency (http://data.gov.uk/), Killeen (2012) and from our own field surveys in the upper Thames (data uploaded to NBN database and tagged to D. Aldridge).
Data on environmental predictors relevant to explain the regional distribution of species were obtained from the UK's Environment Agency (EA) in the form of a shapefile. In this database, each segment in GB's hydrological network is assigned an identification code by the EA, geographic coordinates, and a set of environmental values measured in 2012. The candidate environmental predictors comprised ten variables: alkalinity (ppm), river width (m), river depth (m), altitude (m), slope, substrate structure (% of boulders and pebbles, sand, silt and clay), discharge (m 3 /s), and ecological status (four categories: bad, moderate, good, not yet analysed) (see maps in Fig. S2 ). Such detailed river segment information is not available at larger continental to global scales, and for this reason could not be incorporated into continental models.
Regional distribution models were calibrated with MaxEnt v3.3k using the Samples With Data (SWD) option (Elith et al., 2010) . Model settings (10-fold cross-replication), evaluation (by AUC) and mapping followed those described for continental SDM. Response curves provided by MaxEnt were used to investigate the influence of environmental variables likely to change after a water transfer such as alkalinity, discharge and the river substrate, on the establishment of invasive species and the survival of native species. Suitability maps for the three invasive and three native species were cross-compared to evaluate the potential for interaction between invasive and native species.
Results
Models calibrated with the global occurrence of invasive and native species and a set of climatic predictors showed a high accuracy (test AUC between 0.87 and 0.98, Table S1 ). The most important variables contributing to the models were minimum (48% on average) and maximum (22%) annual temperatures (Table S1 ).
Suitability maps presented in Fig. 2 suggest a high potential for further spread of C. fluminea and D. r. bugensis, showing highest risk scores in the lower Thames River (Fig. 2C and E) . While the zebra mussel, D. polymorpha, is widely established, models suggest it is likely to keep expanding in both catchments ( Fig. 2A) . According to the Landscape Analysis of Connectivity (LAC), the connection between the middle course of the Severn (point 5) and Thames (point 10) offers the most suitable corridor for the spread of D. polymorpha (Fig. 2B) . The other two invaders, C. fluminea and D. r. bugensis, show preference for the main river channels and the connection between the upper Severn (point 7) and upper Thames (points 9 and 10) ( Fig. 2 D and F) .
Only the upper part of the Severn River (point 8) is suitable to the three invaders (Fig. 3A) , whereas most of the potential discharge points in the Thames River (points 9e10 and 12e15) are highly vulnerable to invasion (Fig. 3A) . Fig. 3B highlights the potential of the Severn catchment to offer refugia for the conservation of native molluscs (Fig. 3B) , because the suitability for invasive species is concentrated in coastal areas and the lower valleys.
Finally, Fig. 3C shows potential areas of conflict with native species, which should be avoided by an IBWT to limit biosecurity threats.
The geomorphological and physicochemical conditions of the Severn and Thames Rivers significantly differ (Table 1) . The Severn waters have lower alkalinity and proportion of sand, but higher discharge than those of the Thames. Also, the ecological status of the Severn River is predominantly "Moderate" as opposed to "Poor" in the Thames (Table 1) .
Regional species distribution models showed moderate accuracy scores (test AUC between 0.72 and 0.83, Table S2 ). Altitude, slope, ecological status and alkalinity were the most important factors explaining the distribution of invasive species; whereas substrate size (% pebbles, boulders and sand) and alkalinity determined the presence of native molluscs (Fig. 4A ). Generally, invaders showed preference for lowland rivers, with Bad to Moderate ecological status, sand-dominated substrate (>20%) and high alkalinity (>120 mg/L) ( Fig. S3 ). Similar to their invasive counterparts, native species showed preference for lowland rivers, with slow river discharges (<20 m 3 /s), gentle slope, high alkalinity (>200 mg/L) and high percentage of sand, silt and clay (Fig. S4 ). The regional heat-maps on Fig. 4 reflect the number of invasive species that could eventually find suitable environmental conditions (Fig. 4B) , and potential refuges for native species in each river segment of the Severn and Thames catchments (Fig. 4C ).
Discussion

Multi-scale risk assessment of invasive species
This study illustrates the use of species distribution models at multiple scales to evaluate the joint threat posed by an inter-basin water transfer and the concurrent expansion of invasive species upon the conservation of native freshwater vulnerable taxa. Multiscale suitability models enabled us to assess the importance of different aspects of the process of invasion: establishment (climate and water chemistry suitability), spread (least-cost corridors) and impact (overlap with vulnerable native species).
Influence of climate on river invasibility
Based on climate suitability, the invasive species with the highest potential for spread in the study area is the quagga mussel, D. r. bugensis. Native from the Ponto Caspian region, the quagga mussel's first British record was the Wraysbury River, a tributary of the middle Thames, in September 2014 , confirming previous risk assessments pointing to this mussel as the highest threat to British waters Aldridge 2013d, 2015; Roy et al., 2014) . Latest investigations suggest that the species is spreading quickly, and that it may establish widely across England, west and southern Wales, and central Scotland . According to our study, the suitability for this invader is highest in the middle-lower Thames and passive spread can allow rapid spread to downstream locations. For instance, Asian clams colonized the main channel of the Segura River (SW Spain) after the transfer with the Tajo River, and rapidly expanded downstream through passive drift (Zamora-Marín et al., 2018) .
Most aquatic organisms are ectothermic and thus temperature is important in their physiology, bioenergetics, behaviour and biogeography (Jacobsen et al., 1997; Rahel and Olden, 2008) . Reflecting this, our models showed that minimum monthly temperature explained on average 48% of the distribution of invasive species, with low probability of establishment at values below freezing (0 C). For this reason, we may expect climate change to shift the climatic conditions of the focus area closer to the invaders' optima. This may not only affect their probability of establishment, abundance, and distribution, but also their per capita effects (Hellmann et al., 2008; Rahel and Olden, 2008) , thereby increasing the stress upon native communities (Iacarella et al., 2015) . 
Potential corridors between catchments
Using suitability as a friction layer, LAC allowed identification of the least-cost corridors between the lower Severn and upper Thames Rivers. A particularly high-risk route for a transfer would be an open-air canal from the upper Severn at point 7 to the upper Thames at point 9. This could result in the transfer of zebra mussels from the Severn to locations in the Thames where the species is not yet present. Furthermore, biosecurity threats are not limited to the points of withdrawal and discharge, but extend to the transfer route and engineering works involving machinery and materials moving between both rivers. The risk may be especially high in the upper reaches of the Thames that are inaccessible to boat traffic and rarely visited by anglers, and so at present the potential for humanmediated upstream introductions of invasive species are limited. Corridors may not only accelerate the expansion of invasive species, but also the genetic mixing of populations established in both rivers, particularly of the zebra mussel, thereby increasing their genetic heterogeneity and long-term adaptive potential (Facon et al., 2008) . Genetic introgression from invasive carps has been already documented in the Segura River after the transfer from the Tajo (Oliva-Paterna et al., 2014) .
The biosecurity risks posed by an eventual IBWT are high, but results from our LAC models only apply to open-air canals and not necessarily to the underground pipes that could alternatively connect the two rivers. Factors affecting the capacity of invaders to survive or even establish in underwater pipelines are not currently known. However, the three invasive species investigated here are important biofoulers known to affect irrigation systems (Rosa et al., 2011) , and water treatment facilities (Elliott et al., 2005) , causing multimillion losses in cleaning and maintenance (Oreska and Aldridge, 2011) . One of the main problems related to the presence of biofoulers is the clogging of pipelines, which reduces the water flow and often ceases irrigation. As a result, much more frequent cleaning is necessary. For instance, in the irrigation system fed by Mondego River (Portugal), several tonnes of Asian clams are removed from the canal in each of the cleaning routines taking place after the arrival of the species in 2005 (Rosa et al., 2011) . To avoid such infestations, the Severn-Thames transfer scheme should plan effective measures to prevent the colonization of underground pipelines by biofoulers. This could include, whenever possible, operating transfers outside the breeding season of the mussels to prevent transfer of planktonic veliger larvae, or allowing pipelines to dry out between transfers so that biofouling communities cannot establish. Control of invasive bivalves within transfer systems could be achieved using approved, targeted, degradable technologies such as microencapsulated BioBullets (Aldridge et al., 2006) .
In addition to the new connection and changes in habitat conditions, water transfers involve the construction of canals, embankments and reservoirs in both the donor and receiving catchments that secure hydrological stability during floods and droughts, thereby promoting water-related activities such boating, Fig. 3 . Cumulative climate suitability for three invasive species (A), three native species (B) and their overlap (C) in the Severn and Thames river catchments. Points of interest, located at regular 30-km intervals in each river, represent potential withdrawal and discharge river sections for an inter-basin water transfer.
Table 1
River characteristics at 16 points of interest located regularly at 30-km distance in the Severn and the Thames Rivers (see Fig. 1 ). Results from the Kruskal-Wallis test performed between rivers are reported in the last row. n.s.¼ not significant.
River
Width ( shipping or fishing that are important vectors for aquatic invasion (Carlton, 1993) . For instance, while 13 invasive fish were documented shortly after the Tajo-Segura connection was established, it is difficult to ascertain whether fish arrived through the new connection, or were intentionally introduced by fisherman in the associated reservoirs (Oliva-Paterna et al., 2014) . An increase in propagule pressure, even in a populated catchment like the Thames, is not trivial, since this is the most consistent determinant of the establishment success of invasive species (Cassey et al., 2018) . Furthermore, despite high habitat suitability along much of its length, invasive species are currently concentrated in the lower sections of the Thames River (except the zebra mussel, Fig. 2 ). This suggests that increased propagule pressure could facilitate further invasion into the upper-middle sections of the Thames and Severn Rivers.
Influence of water chemistry on river invasibility
At the regional scale, invaders showed preference for lowland rivers, with sandy substrate, and high alkalinity (>120 mg/L). Alkalinity reflects the availability of CaCO 3 in water and therefore affects the formation of mussel shells (Greenaway, 1985) . For this Fig. 4 . Results from regional species distribution models used to calculate habitat suitability for invasive and native species. A: Bars represent the mean and SD of the contribution of variables to regional models for invasive (red bars) and native (blue bars) species. B and C: cumulative regional suitability for two invasive species and three native species in the Severn and Thames river catchments. Points of interest, located at regular 30-km intervals in each river, represent potential withdrawal and discharge river sections for an interbasin water transfer. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) reason, the quagga and zebra mussels colonize more frequently waters with relatively high alkalinity (Gallardo and Aldridge, 2013c) ; a requirement that may explain the lower establishment of Ponto Caspian invaders in tributaries that usually register lower alkalinity than the main river channel (Grabowski et al., 2009 ). Remarkably, invasive species were more likely to occur in waterbodies with a Bad to Moderate ecological status, than in sites with a Good ecological status as defined by the UK Environment Agency, often based on invertebrate indicators. It is logical to expect a higher propagule pressure in waterbodies that are affected by various human activities and therefore show poor ecological status. Moreover, disturbance from human activities may especially favour the establishment of freshwater invasive species (Paillex et al., 2015) . This observation could also suggest certain "biotic resistance" of well-preserved ecosystems to the colonization of invasive species, a process with mixed support in the literature (see Jeschke et al., 2012 for a review) . If a relation between ecological status and either propagule pressure or actual invasion levels is confirmed, then promoting the ecological conservation of freshwaters may help prevent the spread of invaders. Conversely, sites with poor ecological status may be especially vulnerable through the facilitative interactions of invasive species which can lead to an "invasional meltdown" .
Potential changes in the Thames River water chemistry after an eventual IBWT include a decrease of alkalinity, and increase of siltation and discharge. While invasive species have preference for high alkalinity (Gallardo and Aldridge, 2013c) , the IBWT is unlikely to affect established populations of invasive species that are normally tolerant to a broad range of conditions. The three invasive species evaluated require >20% silt and clay substrate to colonize, with decreasing suitability at increasing sand and boulders coverage (Fig. S3 ). Accumulative siltation after an IBWT would therefore favour the establishment of invasive species in the upper Thames, where the percentage of silt and clay tend to be low. The effect of increasing river discharge is difficult to anticipate. Some invaders such as the Asian clam show preference for low discharge (<5 m 3 /s according to our database) and may be negatively affected by a potential increase in flow. Nonetheless, considering the low discharge of the Thames River (0.6e1.2 m 3 /s, Table 1 ), the water transfer is unlikely to affect the distribution of invaders in the study area.
Should an IBWT decrease light penetration to the river bed in the recipient region, such as through increased water depth or elevated turbidity, both quagga and zebra mussels might expect to benefit. Distributions of both species is strictly limited by UV light penetration which is fatal to their veliger larvae (Seaver et al., 2009) , preventing the species from establishing in shallow, clear waters.
Collective impacts on native species
According to our maps, most of the focus area offers suitable environmental conditions to the establishment of the three native mussels ( Figs. 3 and 4) , and yet they are not usually found in the upper parts of rivers. This can be attributed primarily to the dietary requirements of unionid mussels that are collectors, requiring a relatively high level of particulate organic matter in suspension. Supplementation of flow in the upper Thames through an IBWT from the lower Severn may encourage native mussels to establish further upstream in the Thames. However, other aspects of such an IBWT could be harmful to the native mussels such as a decrease in alkalinity and increase in sedimentation, which is especially harmful to the depressed river mussel (Killeen et al., 2004) . Furthermore, native freshwater mussels are particularly sensitive to river management operations (McIvor and Aldridge, 2007) , and may severely suffer the consequences of any water transfer between the Severn and the Thames Rivers.
In addition to the IBWT, climate warming may strongly affect the survival, growth and reproduction success of native mussels (Aldridge, 1999; McIvor and Aldridge, 2007) . For instance in the Saone River (France), a 1.5 C increase in temperature resulted in a progressive change in freshwater mollusc communities, a decrease in species abundance, and richness (Mouthon and Daufresne, 2010) . Such changes in community structure usually lead to changes in important ecosystem functions such as nutrient cycling and benthic-pelagic coupling (Spooner and Vaughn, 2008) . Maximum temperature tolerance for the three native mussels are not known, but studies suggest that this limit is usually higher for invasive than native mussels, implying that global warming will disproportionally affect native species (Verbrugge et al., 2012) . Further, differential effects of temperature in freshwater mussels and their fish hosts may cause problems by uncoupling the timing of mussels and fish reproduction as well as changes in overall fish host availability (Hastie et al., 2003) . This is not the case of invasive mussels such as the Asian clam or zebra and quagga mussels that reproduce via planktonic larvae, and this may further increase the competitiveness of invasive mussels under a climate change scenario (Gallardo and Aldridge, 2013b) .
There is little evidence about the impacts of the quagga mussel upon the UK's native mussel populations, but we can expect them to be similar to the zebra mussels' or even greater, since the quagga is able to colonize sites currently unreachable by the zebra mussel (Higgins and Zanden, 2010). In particular, zebra mussels are known to impede the correct opening and closure of the valves of native mussels, to hamper their movement and burrowing, and to directly compete for space and resources (Karatayev et al., 1997) . The expansion of the quagga mussel in the River Thames and its potential arrival to the Severn therefore represents a serious threat to the conservation of native freshwater mussels. Finally, engineering works associated to an eventual IBWT may exacerbate this problem (McIvor and Aldridge, 2007) and cause considerable habitat degradation and mussel mortality downstream of the discharge points in the Thames River.
Study limitations and applicability
Spatially-explicit techniques such as SDM and LAC have seen considerable application for land and species management, and yet they have been rarely used to model aquatic ecosystems. This is probably because aquatic information is often available as vector (point or segment) rather than raster (gridded) format. Here we have illustrated the application of spatially explicit techniques combining the available information at global and regional scales. Nevertheless, we must bear in mind that models have been calibrated using a (limited) number of predictors and that other missing factors (e.g. interaction with native species, microhabitat and food availability, barriers to dispersal, habitat disturbance) may affect the ultimate spread and successful establishment of invaders as well as the survival of native species. In addition, models reflect suitability, that is, probabilities of invasion in the event of an introduction, and not absolute survival limits. A high suitability does not necessarily mean the species will establish, but simply that conditions are suitable for this event. Since colonization of the upper section of rivers is often dispersal-limited, special attention should be paid to the introduction of propagules by means of engineering works associated with IBWT. Ultimately, this case study illustrates how SDM can broadly help anticipate the expansion of multiple potential invaders, thereby enabling informed prioritisation of limited resources to guide monitoring, management and control decisions.
Conclusions
Inter-Basin Water Transfers may promote the expansion of aquatic invasive species. An IBWT can increase propagule pressure to recipient regions, change habitat conditions that may benefit invasive species and harm native species, and create habitats such as canals, embankments and reservoirs that promote water-related activities (boating, shipping or fishing), important vectors for aquatic invasion. The invasive species with the highest potential for spread in the Thames and Severn Rivers is the quagga mussel, D. r. bugensis. The species is currently limited to two locations in the Thames, but shows high climate suitability in the study area. Quagga mussels may be able to colonize sites currently unreachable by the zebra mussel and therefore represent a serious threat to the conservation of native freshwater mussels. Climate change may exacerbate the risks associated to an IBWT. Climate change will shift the climatic conditions of the focus area closer to the invaders' optima thereby increasing their probability of establishment, abundance, and per capita effects upon native communities. At the same time, climate warming may reduce habitat suitability for native mussels and interfere with reproduction if temperature affects their fish hosts. Native species will suffer the concurrent effects of habitat degradation, the arrival of invasive species and climate change. Aspects of an IBWT harmful to the native mussels include a decline in alkalinity, increase in sedimentation, and river management operations that intensify the stress upon native mussels. The IBWT jeopardizes the potential role of the Severn River as refuge for the conservation of native mussels. Management implications. A particularly high-risk route for a transfer would be an open-air canal from the upper Severn to the upper Thames. Since colonization of the upper section of both rivers is dispersal-limited, special attention should be paid to the introduction of propagules by means of engineering works that can cause considerable habitat degradation and native mussel mortality. The potential transfer of invasive species through IBWTs could be reduced by operating transfers outside their reproductive season so that planktonic larvae are not transported. Fouling of transfer systems may be reduced through operating the transfer sporadically thus allowing the pipeline to periodically run dry.
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